Experimental findings show approximately the same relation between brain energy metabolism and blood flow at steadystate of the many parts of the brain, indicating approximately uniform extraction of oxygen and oxygen-glucose indices [1] [2] [3] . The steady-state measures are believed to establish a common baseline of activity, which reflects the most commonly encountered relation between flow and metabolism.
Introduction
During transients of brain function, there is evidence of mismatched changes of blood flow and energy metabolism in brain regions. Yet, the convention underlying functional brain imaging holds that increases of blood flow are informative of brain function because they indirectly reflect the metabolic needs imposed by experimentally induced increments or decrements of brain work. This reasoning also applies to the interpretation of the blood-oxygenation-level-dependent (BOLD) signal in functional magnetic resonance imaging (fMRI) as more than just an index of oxygen extraction. The mechanism responsible for changes of the BOLD signal is the corresponding changes of the amount of deoxyhemoglobin in brain vessels.
To use the signal as more than an index of oxygen extraction implies that the relation between changes of blood flow and brain work, although non-linear, must nonetheless be fixed and predictable [4] . This in turn means that the position of the steadystate baseline must be known because the relative changes of blood flow and oxygen consumption have opposite signs, depending on the direction of the functional change: When activity declines relative to the baseline, oxygen consumption declines more than blood flow, while blood flow increases more than oxygen consumption when activity rises relative to the baseline [5] . This findings reported in this paper imply that brain function and brain work are perfectly matched in the steady-state, yet undergo dissociation during rapid transients of brain work, depending on the direction of change. In the earliest examples of functional brain imaging by positron emission tomography, measures of energy metabolism revealed little change compared to substantial changes of blood flow imposed by aerobic glucose consumption [6] [7] [8] , directly or indirectly related to production of lactate [9, 10] .
Thus, the interpretation of measures of brain function based on the BOLD signal is complicated by uncertainty about the baseline. Stimulation of brain tissue is known in some instances to raise blood flow in regions in which neurons do not respond with changes of spike frequency or oxidative brain energy metabolism [11, 12] , indicating dissociation of measured blood flow rates from direct measures of brain activity [13] [14] [15] [16] , as well as increases of brain energy metabolism in regions of the brain in which blood flow appears to remain constant [17] , or preserved metabolic rates in the face of declines of blood flow [18] , all potentially related to the unknown position of the physiological baseline.
The baseline conjecture predicts a steady-state of brain activity from which departures occur when adequate stimuli raise or lower the neuronal activity assumed to be associated with the baseline. Recognizing that functions associated with the baseline cannot be distinguished accurately from the functions associated with a decrement or an increment, Gusnard et al. [2] proposed that a "default" state of brain tissue nonetheless can be identified by consideration of a baseline of the oxygen extraction fraction that equals the temporal and global average of extractions of oxygen. This means that the position of the baseline cannot be inferred from changes of extraction alone, but must be determined at steady-state, in which a functional state is known to represent a stable temporal and global average [19, 20] .
The null hypothesis of the present study is the conjecture that the baseline can be inferred from unmatched changes of linked flow and metabolism changes in relevant stimulus contrasts.
Specifically, the contrasts established by a three-way differential stimulation of the visual cortex must be mutually consistent at any site of significantly altered activity. A missing contrast there foremarks an intermediate baseline activity.
For the contrasts among three different visual stimuli, this baseline conjecture makes two specific predictions that arise from the axiomatic claim that all functional states relate to a baseline associated with the average and hencemost common stimulus condition:
First, the baseline hypothesis predicts that the relative magnitudes of flow and metabolism increments imposed by differentially complex stimuli reflect the direction of functional change consistent with the change of complexity: If flow changes more than brain energy metabolism, the change represents an excitation, and conversely, if flow changes less than metabolism, the change represents an inhibition of functional activity.
Second, the baseline hypothesis predicts that the sum of any pair of contrasts must equal the third and remaining contrast, within the limits set by the accuracy of the measurement, and hence that each site must be revealed in at least two of the three contrasts. If such a contrast is missing, the activity is unresponsive to the stimulus contrast and hence engaged in baseline activity, which must be intermediate to the activities of the two stimulus conditions to eliminate the contrast.
We tested the predictions by measuring regional oxygen consumption (rCMRO 2 ) and blood flow (rCBF) with positron emission tomography (PET) of healthy volunteers during stimulation with three different stimuli known to differentially excite the visual cortex [21] [22] [23] .
Materials and Methods
Nine healthy right-handed volunteers without apparent neurological deficits (aged 25±6 years) gave informed consent to a protocol approved by the Montreal Neurological Institute Research and Ethics Committee. The PET measurements of rCBF and rCMRO 2 were performed with a Scanditronix PC2048-15B head tomograph (spatial resolution 6.5 mm FWHM) and corrected for tissue attenuation, dead-time and scatter. The subjects were positioned in the tomograph with their heads immobilized by a self-inflating foam head-rest. A short in-dwelling catheter was placed in the left radial artery. Blood samples were automatically collected and calibrated with respect to the tomograph [24] . Three measurements of CBF, one for each condition, were made with the two-compartment intravenous [
15 O] water bolus method (35 mCi) [25] followed by three measurements of CMRO 2 using a single bolus inhalation (60-80 mCi) [26] . Images were reconstructed as a 128x128 matrix of 2x2 mm pixels using filtered back-projection with a 20 mm FWHM Hanning filter.
Measurements of blood flow and oxygen metabolism were made while the subjects viewed binocularly one of three different stimuli. The tomograph was enclosed by a dark cloth shroud during the scan to isolate the subject from any extraneous stimulation.
Stimuli were presented on a 21-inch colour video monitor suspended 36-40 cm from the eyes of the subject. Subjects were instructed to maintain the center of the screen during the presentation of all three stimuli, and practiced briefly with all three stimuli prior to the start of scanning. In the simplest fixation stimulus (FX) condition, the subjects viewed the small central target (cross-hair) for 30 seconds prior to the PET session. In the two activation conditions, the subjects were presented with the stimulus for 3 minutes prior to and throughout the PET scan, as shown in Figure 1 .
The three different stimuli were chosen to replicate previous studies by the authors with similar stimuli [23] . The achromatic stimulus (WD) was a white disk (approximately 15 o of visual angle in diameter) that flickered at a rate of 8Hz. The chromatic stimulus (YB) was a radial yellow-blue checkerboard disk (approximately 15 o of visual angle in diameter) that reversed contrast at a rate of 8Hz. Each check was approximately 1 degree in size (not scaled for radius).
Parametric maps of CMRO 2 and the clearance of radioactive water by brain tissue, an index of CBF, were computed for all 15 image planes and normalized for differences in global CMRO 2 or CBF. For each subject, magnetic resonance images (MRI; 160 contiguous 1-mm thick sagittal slices) were also obtained from a Philips Gyroscan ASC (1.5 T). The PET images from each subject were co-registered with the corresponding MRI volume [27] and transformed to stereotaxic coordinates [28] by means of an automated feature-matching algorithm [29] . Difference volumes of all three stimulus conditions [8] were computed and averaged across all subjects. A t-statistic volume was obtained by dividing every intra-cerebral voxel in the difference volume by the mean standard deviation in normalized units of CBF or CMRO 2 . The significance of a given change in CMRO 2 or CBF was assessed by application of an intensity threshold to the t-statistic images [30] . Relative and absolute differences were computed for all sites of significant change.
Results
The whole-brain CBF and CMRO 2 values with standard errors averaged 46±4 ml/hg/min and 170±17 mmol/hg/min, respectively. They remained constant (47, 46, 45 ml/hg/min and 169, 174, 168 mmol/hg/min) across the three stimulus conditions (YB, WD, and FX), with an average oxygen extraction fraction of 0.41+0.01.The YB-WD, YB-FX, and WD-FX stimulus contrast images are shown in Figures 1 and 3 . The focal changes of rCMRO 2 and rCBF averaged 21% and 52% of the respective whole-brain averages, with an extraction fraction of the incremental oxygen delivery of 0.165, which is well below the whole-brain average, indicating excitation by all three contrasts.
The sites of significant rCMRO 2 increments are shown in Figure 2 , located in Brodmann's areas (BA) 17 and 18 of the lingual gyrus. The general region of BA 17 and 18 was also the location of the sites of altered rCBF, shown in Figure 3 . The statistical analysis of the CBF and CMRO 2 contrast images is summarized in Table 1 . The peaks were projected onto a single two-dimensional cartoon plane in Figure 4 .
Sites of Significant rCMRO 2 Increment
The chromatic [YB-WD] stimulus contrast revealed changes of rCMRO 2 of 20% in the rightlingual gyrus, and 18% in the left lingual gyrus, both of the inferior occipital cortices. The 
Functional Neuroanatomical Correlates
The significant changes of rCBF and rCMRO 2 were given functional neuroanatomical assignment by comparison with the average anatomical maps of Brodmann´s areas 17 and 18 reported by Amunts et al. (2000) with functional imaging studies of primary visual cortex [32, 33] . However, there is no agreement on whether V2 resides in primary or secondary visual cortex [34] . Depending on the definition, all sites resided either in the V1/V2 and V3v (VP) [32] or, more likely, the V1 and V2 [33] regions of visual cortex. All significant changes of the two variables were found in the lingual gyri, below the zero plane of the z-dimension between the -85 and -95 mm planes of the y-dimension, as shown in Figure 4 . Locations inside these borders all reside within the conventional borders of primary and prestriate visual cortex [31] [32] [33] .
Discussion
In this study, differential stimulation of the visual cortex appeared to result in significant focal changes of rCMRO 2 and rCBF at locations in left and right lingual gyrus, generally associated with the V1/V2 and possibly V3v (VP) regions of the primary visual cortex [32, 33] . Most sites resided in BA 17 but the lateral sites skirted BA 18 in both hemispheres.
In the early study by Ribeiro et al. [35] , no change of oxygen consumption was found when a dark-adapted baseline was compared to photic stimulation at 8 Hz. Therefore, we did not predict the 23% changes associated with the YB-FX and WD-FX contrasts of the present study. Post-hoc comparison of the 2-dimensional discrete Fourier transforms of the two activity conditions showed that the distributions of spatial frequencies overlapped in the achromatic and chromatic stimuli used in comparison with the fixation stimulus. The overlapping spatial frequencies suggest that the major deactivating feature of the achromatic disk was the absence of color reversal, which relegated the change of metabolism to the V2 regions bilaterally, while the major deactivating feature of the fixation stimulus was the absence of spatial frequency, which relegated the change of metabolism to the foveal V1 region.
Insights from the study of neuroenergetics imply that oxygen consumption is the proper measure of neuronal work [3, [36] [37] [38] . Whether a change of oxygen consumption therefore is the sole valid measure of a change of functional activity, or whether incremental or decremental changes of blood flow and glucose consumption matter as well, is controversial because the direction and magnitude of increments depend on the relative properties of possibly uncorrelated baseline states [19, 39, 40] .
Previous measurements of oxygen consumption revealed variable increments by stimulation of visual cortex [5, 7, 23, 35, 41, 42] . In the earliest experiments, the stimulation raised regional cerebral blood flow (rCBF) and glucose metabolism (rCMR glc ) by more than 40% but rCMRO 2 by 5% or less. However, the subsequently voiced assertion that increased neuronal activity therefore is independent of oxygen metabolism cannot be reconciled with the biochemical evidence of coupling of oxidative enzyme activity to functional activity [10, 21, 22, [43] [44] [45] [46] .
The average changes of rCBF and rCMRO 2 in the present study (52% vs 21%) are consistent with a more recent claim of non-linear but nonetheless preserved flow-metabolism coupling [18, [46] [47] [48] [49] [50] [51] . This claim holds that blood flow increments in excess of the increments of oxygen consumption are necessary to maintain the necessary oxygen tension in mitochondria during activation above a default state of operation. In the present study, this general excess was preserved across stimulus conditions, in general agreement with the relative changes of rCMRO 2 and rCBF previously reported for the visual cortex under similar viewing conditions and retinal fields [40, 41, 52, 53] .
There are several reasons to interpret the sites of significant change in the lingual gyrus of both hemispheres as reflections of the activity in two groups of neurons, one placed laterally and close to or in BA 18 in both hemispheres and one placed near the midline in BA 17, of which the lateral sites are likely to represent the BA 18 region of the lingual gyrus, whether this regions is part of the V3v (VP) [31] or V2 [32] region.
First, the dual sites of rCMRO 2 change emerging in the [YB-WD] contrast were separated by a distance of 27.3 mm, which exceeds the standard error of the point-spread function (4.3 mm) by a factor of 6. For this standard error, all twin peaks with peak-to-peak distances greater than 17.2 mm are unlikely to be single with probabilities of 0.05 or less. [WD-FX]), are suggestive of recurrent processing in primary and secondary visual cortex. The brain appears to use visual information to test the veracity of an internal preconstruction of hypothetical sources of the visual sensation [67] . Primates, including humans, experience illusions and ambiguities of sight or sound that have no source outside the brain [68] . According to recent revisions of the premise of interpretation of functional brain imaging, activation begins as such a preconstruction that alerts relevant functional units of the brain [16] by means of "central command" or "predictive coding" [50, [69] [70] [71] in anticipation of future sensory input activity [72] .
Lamme & Roelfsma [73] identified two phases in the processing of visual stimuli, respectively termed the fast feedforward sweep (FFS) from V1 to V2 in the first 50 ms of stimulation, and the subsequent recurrent processing (RP) or backprojection from V2 and more distant regions to V1 after 100 ms [73, 74] .
PET measurements of CMRO 2 integrate events over much longer periods of time than characteristic of the FFS, typically of the order of minutes as in the present study. Recurrent processing, if present, is therefore the predominant activity affecting the transient relations of flow and metabolism measurements in the primary visual and secondary visual cortices [75, 76] .
The study did not identify a specific baseline for the YB-FX and WD-FX contrasts. When adequate color-reversal was not To illustrate this result, we reconstructed the time-course of successive changes of each variable at the two main regions of significant change, lateral and midline, as shown in Figure 5 . The individual states of stimulation suggest a baseline, which is intermediate to the YB/WD and FX conditions in the midline and intermediate to the YB and WD conditions at the lateral sites, as shown graphically in Figure 4 . In Figure 5 , the variable activity is shown as arbitrary sinus curves, drawn (although not to scale) to reflect the low frequency (0.1-0.2 Hz) fluctuations of intracranial pressure, oxygen tension, and circulation recorded in brain tissue by different methods [77] .
From this reconstruction, we deduced the simple code underlying the functional states associated with the YB, WD, and FX stimuli from the changes of rCMRO 2 and rCBF shown in Figures 2 and 3 : The oxygen metabolism and linked blood flow in the midline (V1 or V1/V2, depending on the definition) reflect the absence or presence of spatial frequency in the visual stimulus, while the oxygen metabolism and blood flow in V2 or V3v (VP) reflect the absence or presence of color reversal in a visual stimulus of an adequate spatial frequency, as shown in Figure 4 .
Conclusion
In conclusion, we found significant focal changes of rCMRO 2 and rCBF with differentially complex stimulation of the visual cortex. The changes of the two variables occurred at two main locations. The stimulus contrasts indicated the presence of a baseline below the activity of the intermediately complex WD stimulus at the midline sites and above this activity at the more lateral sites.The findings imply that baselines vary in and among regions and therefore affect the interpretation of the presence or absence of changes of the magnitude of BOLD signals that depend on the changes of cerebral blood flow and oxygen consumption in relation to an uncertain baseline.
